Objective: To compare the diffusion and perfusion MRI metrics of normal-appearing white matter (NAWM) with and without impaired cerebrovascular reactivity (CVR).
hypothesized that NAWM with steal physiology (negative CVR) would demonstrate quantifiable alterations in tissue microstructure and perfusion similar to preexisting areas of WMH, as assessed with diffusion tensor imaging (DTI) and dynamic susceptibility contrast (DSC) perfusion MRI. DTI and DSC MRI allow in vivo quantitation of alterations in white matter microstructure and perfusion, which may precede the development of frank WMH. Therefore, we evaluated the utility of negative CVR, a known biomarker of cortical vascular dysfunction, 12 as a marker for pathophysiology in 75 participants with age-related WMHs by comparing NAWM with negative CVR to contralateral spatially homologous NAWM with positive CVR.
METHODS Participant recruitment and assessment. Patients were recruited from the outpatient neurology clinics at both institutions based on the following inclusion criteria: (1) no recent subcortical infarct involving the white matter (patients were excluded if they had a previous DWI-positive white matter infarct within the 3 months preceding study enrollment); (2) no prior cortical infarct .2 centimeters or cavitary white matter lesion .2 centimeters; (3) age .50 years; (4) white matter disease burden . Fazekas grade 2 13 ; (5) no evidence of hemodynamically significant (.70%) internal carotid artery or vertebrobasilar stenosis; (6) no evidence of dissection; (7) no evidence of pulmonary or cardioembolic disease. Patients with motion artifacts on blood oxygen level-dependent (BOLD) images were excluded. Seventy-five patients ( Vasodilatory stimulus. To precisely manipulate carbon dioxide, we used an automated gas blender that adjusts the flow and gas composition to a sequential gas delivery breathing circuit (Respi-rAct, Thornhill Research Inc., Toronto, Canada) as previously described. 15, 16 The system enables independent manipulation of end-tidal partial pressures of oxygen (P ET O 2 ) and carbon dioxide (P ET CO 2 ). 17, 18 The stimulus sequence protocol used in this study was as follows: a baseline P ET CO 2 of 40 mm Hg for 60 seconds (normocapnia), a step change in P ET CO 2 from 40 to 50 mm Hg for 90 seconds, a return to 40 mm Hg for 90 seconds, and a second hypercapnic step from 40 to 50 mm Hg for 120 seconds with a final return to baseline 17 normoxia (P ET O 2 ;110 mm Hg) was maintained throughout.
Image reconstruction. BOLD MRI and P ET CO 2 data were imported to AFNI 19 to generate CVR maps. Separate BOLD images were aligned to the same temporal origin, registered to the first volume, and then aligned to T1-weighted images. The acquired P ET CO 2 contains a temporal discrepancy with the BOLD signal due to delay from pulmonary to cerebral circulation. To correct for this, the P ET CO 2 data were temporally shifted to the point of maximum correlation with the whole brain average BOLD signal using MATLAB software. Finally, the BOLD time series was fitted to the P ET CO 2 using a voxel-by-voxel linear least-squares fit. CVR was taken as the slope of the linear regression. CVR values are expressed as percent BOLD MRI signal change per mm Hg of P ET CO 2 .
To detect tissue dysfunction in the cerebral white matter, T2, reflecting white matter water content and myelination, was measured using a multi-echo fast spin-echo sequence. T2 maps were calculated using AFNI with methods previously described. 20 To calculate fractional anisotropy (FA) and mean diffusivity (MD) maps, diffusion-weighted images were imported into FSL 4.1.8 (www.ndcn.ox.ac.uk/divisions/fmrib) for quality control. 21 Preprocessing included eddy current and motion artifact correction using FMRIB's Diffusion Toolbox (FDT). Then, individual brain masks were created using Brain Extraction Tool. 22 The preprocessed images were fitted with a diffusion tensor model using DTIFIT in FDT. 21 The time-signal attenuation curves obtained from perfusionweighted T2* images were converted to time-concentration curves using PerfTool, 23 which uses a delay-insensitive, reformulated singular value decomposition approach to deconvolution of the timeconcentration curves. 24 The arterial input function was selected from a region of interest (ROI) placed on the middle cerebral artery. The preprocessed perfusion-weighted images were used to generate maps of cerebral blood flow (CBF), relative cerebral blood volume (rCBV), mean transit time (MTT), time-to-maximum (Tmax), and time-to-peak (TTP) using PerfTool. 23 Generating ROIs of WMH and NAWM. Segmentation of WMH was performed using the Lesion Explorer processing pipeline. 25, 26 T1-weighted anatomical images were segmented into CSF, gray matter, and white matter using SPM8 (Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College, London, UK). A diamond-shaped structuring element was used to erode the white matter segmentation in 5 iterations at the resolution of the T1-weighted image to prevent partial volume effects. The WMHs were subtracted after erosion to give rise to a NAWM mask (figure 1). To identify regions of steal physiology in NAWM, CVR maps were overlaid on the NAWM using AFNI (figure 2).
Accounting for the spatial factor confound. Differences between NAWM with positive and negative CVR may be subject to a spatial confound because (1) regions of negative CVR tend to be in close proximity to areas with WMH and (2) the CVR of white matter may be lower near the ventricles and higher near the cortical surface. 27 Consequently, masks of NAWM with negative CVR may include more periventricular voxels and masks of NAWM with positive CVR may include more voxels adjacent to cortex. It is therefore possible that the differences between NAWM with positive and negative CVR are just a reflection of the variable physiology in the neighboring WMHs, and so differences between NAWM masks may produce false-positive results. To account for these possible effects of spatial location, T1weighted images were transformed into Montreal Neurologic Institute space using SPM8. The transformation matrix was then applied to the other MRI metrics, transforming these maps to a standard space but retaining the native structure. A second ROI of NAWM with positive CVR was generated, contralateral and spatially homologous to NAWM with negative CVR ( figure 3 ). Comparison between these ROIs allows evaluation of the effect of CVR differences without potential confounding by spatial location.
Statistical analyses. WMHs were compared with 3 different groups of NAWM: (1) a mask containing the entire NAWM;
(2) the entire NAWM segmented based on CVR; (3) NAWM with contralateral homologous regions defined in figure 3 .
NAWM with positive CVR was compared against NAWM with negative CVR. MRI metrics in WMH were also compared to the entire NAWM using Friedman test with Dunn post hoc correction for multiple comparisons for nonparametric MTT data. Statistical analyses of all other MRI metrics involved repeated-measures one-way analysis of variance (ANOVA) using the MRI parameters as dependent variables and ROIs as the matched-pairs independent variable. Mauchly test was used to assess deviations from sphericity and degrees of freedom were . TTP values were not significant between NAWM with negative and positive CVR after correcting for the potentially confounding influence of spatial location (as described in Methods) (20.8 [0.7] vs 20.6 [0.7] seconds; repeated-measures one-way ANOVA). DISCUSSION We found an association between impaired CVR (steal physiology) and abnormal diffusion and perfusion metrics in NAWM, in the absence of hemodynamically significant large vessel disease. Our findings demonstrate that NAWM may not be as normal as conventional MRI sequences would suggest. We found that some areas in NAWM show negative CVR, i.e., steal physiology, 28 a marker of cerebrovascular regulation dysfunction. Indeed, our finding of abnormal diffusion and perfusion MRI metrics in these areas is indicative of such dysfunction, and is consistent with animal models of chronic hypoperfusion, where chronically ischemic white matter demonstrates demyelination, axonal loss, and gliosis. 29 We therefore suggest that negative CVR is capable of detecting areas in the NAWM with subtle pathologic features indicating structural damage to white matter that resulted in increased water diffusivity. Other studies in humans have shown that steal physiology is associated with elevated white matter diffusivity in patients with intracranial 30 and extracranial 31 large artery stenoocclusive disease. After accounting for the confound of spatial location, there was no significant difference in T2 values between NAWM with negative and positive CVR. This finding is not surprising as the definition of NAWM is made on T2-weighted images, so any significant increase in T2 would have been seen as an area of hyperintensity. Thus, changes in T2 are more likely to be associated with overt conversion of NAWM to WMH. We also report an association between negative CVR and subtle abnormal perfusion metrics in NAWM. A previous study found NAWM CBF in participants with known WMHs to be reduced compared to controls (17.9 vs 21.6 mL/100 g/min, respectively). 32 Another study found the CBF of WMHs was 40% of that in healthy controls, but white matter CBV did not differ. 33 Although our CBF values are higher, values found in NAWM with negative CVR shifted towards those of WMHs; the mean (SD) NAWM CBF with negative CVR was 20.5 (0.9) compared to 26.4 (1.0) mL/100 g/min in the contralateral NAWM with positive CVR. In addition to CBF differences, CBV was reduced and Tmax was higher in NAWM with negative CVR compared to NAWM with positive CVR. These findings suggest that a loss in cerebrovascular regulation may precede the development of WMHs, and provide support for the theory that chronic hypoperfusion and the resulting ischemic damage may be the underlying pathophysiologic mechanism of agerelated leukoaraiosis.
Our observations also raise the question whether all cerebral tissue with negative CVR is prone to pathologic changes. Steal physiology has been shown to be correlated with cortical thinning, 12 enhanced risk of stroke, 34 and cognitive decline 35 but has also been observed in the white matter of young healthy individuals. 27 The cortical thinning associated with impaired CVR in patients with unilateral steno-occlusive disease is consistent with the concept of progressive selective necrosis secondary to a mismatch between blood flow and increased axonal-glial activity in areas of maximum vasodilation (and therefore impaired CVR). 12 A reduction in the complexity of the neuropil without neuronal loss is also possible. Impaired CVR resulting in cortical thinning may occur in the absence of overt infarction. However, recent evidence has shown that accumulation of microinfarcts may lead to the development of WMHs. 36 Recent research using transcranial Doppler ultrasound found that arterial stiffening reduces damping of the arterial waveform and increases cerebral pulsatility, which may damage small vessels, increase shear stress, and exacerbate impaired CVR. 37 Another factor influencing arterial pulsations, venous collagenosis, is a mechanical consequence of increased cerebral pulsatility and mechanical fatigue of vascular smooth muscles. 38 Increased arterial pulsations result in arteriolar myogenic fatigue, reduction in arteriolar myogenic tone, and abnormal penetration of the insufficiently dampened arterial pulse wave into the venules. The high pulsatile motion causes mechanical damage to the veins. 39 Collectively, these studies suggest that venous collagenosis, arterial stiffening, increased cerebral pulsatility, and impaired CVR may play a pathophysiologic role in developing leukoaraiosis.
Our methodologic approach, using CO 2 as a vasodilatory stimulus to assess cerebrovascular reactivity, must be considered carefully. In order to provide a consistent stress to the cerbrovasculature for each patient, the control of the P ET CO 2 stimulus must be precise and repeatable. Intersubject variation in stimulus occurs in breath-holding or fixed inspired CO 2 concentration, 40 which would increase the variability of CVR and could have obscured the subtle changes observed in this study. Moreover, the stress must be sufficient to detect areas of reduced CVR. 11 This also cannot be guaranteed with breath-holding or fixed inspired CO 2 concentrations. In this study, participants were presented with a 10 mm Hg square wave increase in P ET CO 2 that was sustained for at least 2 minutes, from an average baseline of 40 mm Hg, and so was able to detect negative CVR. Furthermore, we used a control system that was capable of producing an accurate quantitative P ET CO 2 stimulus that controlled arterial PCO 2 . 16 Thus we are confident that we have approached the limit of the autoregulatory capacity of the cerebral microvasculature and can accurately define regions of pathologic steal, which demonstrate redistribution of blood flow to areas with positive CVR. Our study was limited by several factors. First, our study involved 2 centers and only a subset (25 out of 75 participants) had perfusion imaging. Second, our study did not make a clear distinction between regions of ischemia or infarction and WMHs without ischemia. Although the WMHs in our study participants are of presumed ischemic origin given the study population and presence of vascular risk factors, the presence of other nonischemic causes of WMH in any given patient could not be definitively excluded by our imaging protocol.
We have shown that areas of NAWM that exhibit negative CVR (steal physiology) also show subtle changes in parameters describing tissue structure and perfusion, and that these parameters are shifted towards those seen in overt WMHs. These observations provide a new hypothesis regarding the underlying pathophysiology of the progression of NAWM to WMH. Although we detected subtle pathologic changes for several measures in NAWM exposed to steal physiology, it is uncertain whether these regions will ultimately develop into WMHs, and so this aspect requires further investigation in longitudinal studies.
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